We investigate the properties of alkali-alkaline earth diatomic molecules in the lowest S + states of the doublet and quartet multiplicity by ab initio calculations. In all sixteen cases studied, the permanent electric dipole moment points in opposite directions for the two spin states. This peculiarity can be explained by molecular orbital theory. We further discuss dissociation energies and bond distances. We analyze trends and provide an empirically motivated model for the prediction of the permanent electric dipole moment for combinations of alkali and alkaline earth atoms not studied in this work.
Introduction
In the last years ultracold molecules have attracted a lot of attention due to their outstanding properties. [1] [2] [3] [4] [5] [6] The low temperature reduces the decoherence, and ensembles of ultracold molecules can be used to simulate quantum systems [7] [8] [9] [10] [11] [12] or perform quantum computations. 13 Most degrees of freedom are frozen out at these temperatures, which allows precise control of chemical reactions. [14] [15] [16] Another advantage is the reduction of the linewidth and noise in measurements of fundamental physical properties and constants 17 such as the proton to electron mass ratio, [18] [19] [20] the electron electric dipole moment 21, 22 or the fine structure constant. 23, 24 The first molecules produced in the ultracold temperature regime were homonuclear alkali-dimers, [25] [26] [27] [28] which do not have a permanent electric dipole moment. A few years later, ultracold heteronuclear alkali-dimers were produced. [29] [30] [31] [32] [33] [34] Their permanent electric dipole moment gives experimentalists an additional handle for manipulation via electric fields. In this sense, the next logical step is the production of ultracold molecules with a dipole moment plus an additional magnetic moment, originating from an unpaired electron spin. This magnetic moment causes additional interactions and enables control of these molecules via magnetic fields. Currently, the most promising candidates are alkali (AK)-alkaline earth (AKE) and AK-Yb diatomic molecules because the involved atoms are well under control in ultracold atomic physics. Bose-Einstein condensation, for example, has been achieved for most AK atoms, 35 Ca, 36 Sr 37 and Yb. 38 In a series of recent studies combining experimental and computational efforts [39] [40] [41] [42] [43] we found permanent electric dipole moments (PEDM) with opposite signs in the lowest S + states of the doublet and the quartet multiplicity for AK-AKE molecules. In this work we analyze this behavior and discuss the trends in greater detail. The magnitude of the permanent electric dipole moment (PEDM) is of special importance for future applications. A significant value is necessary to align molecules in an optical lattice, 44, 45 to control interactions with an external microwave field, 4, 11, 46 and it might even be useful to reach low vibrational levels. 47 Early on, there has been interest in the prediction of dipole moments for alkali halides and alkaline earth halides. These two groups of molecules with predominantly ionic bonding could successfully be described by electrostatic interaction models. [48] [49] [50] The Rittner model 48 for alkali halides assumes a complete charge transfer of one electron and considers the polarizabilities of the ions. Törring et al. 51, 52 applied a similar model to AKE halides. More sophisticated computations using ligand field theory were performed for AKE halides 53 and lanthanum containing diatomics. 54, 55 A model taking orbital mixing into account was applied to SrBr in ref. 56 . However, these techniques assume a transfer of at least one electron and can therefore not be applied to AK-AKE molecules. Recently, an empirical model for the relation between dipole moment and vibrational frequencies was presented. 57 There are a few theoretical and experimental studies concerned with the properties of AK-AKE molecules. Bauschlicher et al. 58 performed one of the first calculations. Two theoretical studies examined the ground state of Li-AKE molecules by coupled cluster calculations. 59, 60 The ground states of neutral AK-Sr molecules and several states of the molecular ions have been investigated by a configuration interaction method. 61, 62 In ref. 63 , the ground states of AK-Mg diatomic molecules were calculated at the coupled cluster level of theory. Using the same approach, Gopakumar et al. 45 recently investigated the AK-AKE molecules (Na, K, Rb)-(Ca, Sr). The combination of barium with an alkali atom has also been considered in the ground state. 64 Some older studies analyzed the ground and several excited states of LiBa 65, 66 and NaBa. 67 The most thoroughly studied representative of these diatomic molecules is LiCa, with experimental, 68-70 theoretical 71, 72 and combined investigations. 39, 73 The first realization of a combined quantum degenerate mixture of Rb and Sr 74 was followed by a series theoretical and experimental publications. [40] [41] [42] [75] [76] [77] The excited states of LiSr, 72 RbBa, 78 LiMg, 79 and RbCa 43 were calculated recently.
In this study, we investigate the energetically lowest electronic states of neutral AK (Li, Na, K, Rb)-AKE (Be, Mg, Ca, Sr) molecules in the doublet and quartet manifold. Throughout the article, the coordinate system is defined such that the AKE atom is on the negative side of the axis and the AK atom on the positive side. Therefore, a positive value of the PEDM corresponds to a dipole moment pointing in axis direction from the AKE to the AK atom (i.e., the center of the negative charge lies closer to the AKE atom).
This manuscript is structured as follows: in the next section details of the computational method are given, then an overview of the results and a comparison to previous results. After discussing trends for AK-AKE molecules we give a qualitative description of the situation for the lowest S + states in AK-AKE molecules. Finally, we present an empirical model in Section 3.4.
Computational details
All ab initio calculations were carried out with the MOLPRO 80 software package. A multiconfigurational self consistent field calculation (MCSCF 81, 82 ) was performed, followed by multireference configuration interaction including Davidson correction (MRCI 83, 84 ). The quintuple-zeta basis set family of Peterson et al. covers most atoms of our study and was used where possible. All electrons basis sets 85 were applied for Li, Na, Be and Mg. For the heavier atoms the corresponding effective core potential basis sets 86 of Peterson were combined with the recommended effective core potentials 87,88 of Lim et al. For K and Rb, however, no Peterson basis sets were available. In these cases, we fell back on the basis sets provided by Lim, 87,88 decontracted them, and added several diffuse functions to obtain a description of similar accuracy. ‡ The same strategy has recently been applied to RbCa, 43 yielding excitation energies in good agreement with experimental measurements.
We further applied core polarization potentials (CPPs) as introduced by Müller and Meyer 89 due to their importance for correct magnitudes of the permanent electric dipole moments 90, 91 (see Fig. 1 ). The parameters of the core polarization potential are given (see Table 1 ) and were optimized for our effective core potentials and basis sets. This approach only allows basis functions with an angular quantum number below 5. Therefore, basis functions with higher quantum numbers were neglected. No core polarization was added for Li and Be due to their small cores and large energy difference between the core orbitals and valence orbitals compared to the other elements. With this approach the energy difference between the first excited state ( 2 P AK / 3 P AKE ) and the ground state agrees within 150 cm À1 (1%) with the atomic values 92 in the asymptotic limit.
It is known that the correlation or polarization of the core electrons has a significant influence on the dipole moment. 90, 91 The importance of this contribution can be estimated by looking at Fig. 1 , where the results without (a) and with (b) core polarization potentials are compared. Typically, the PEDM is overestimated if the polarization of the core is neglected, which agrees well with the observations of ref. 90 . This error increases with atomic mass. The largest deviation was found for RbSr, where the dipole moment is reduced by 1.65 D to about half its value after inclusion of core polarization. The PEDMs for the Fig. 1 The permanent electric dipole moment of the doublet ground state at its equilibrium distance, obtained at the MCSCF + MRCI level of theory, without (a) and with (b) the inclusion of core polarization potentials. computations including core polarization potentials (see plot b of Fig. 1 ) were obtained by finite field calculations, § which we carried out for different field strengths varying from 10 À5 to 5 Â 10 À3 a.u. for all 16 molecules. For each field strength the PEDMs and polarizabilities were computed by three point and five point finite field approximations and compared to each other to estimate the size of numerical error. The values were then taken where the smallest deviation was observed. (The values and the field strengths for their calculation are listed in the ESI. †)
The PEDMs for the lowest S + state of the quartet multiplicity were also changed significantly by the core polarization potential, especially for heavy molecules, but without a clear trend. An improvement of the potential depth of LiCa was achieved by a new set of recently adjusted core polarization parameters. The potential depth for LiCa obtained in this work (2613 cm À1 ) now agrees better with the experimental value (2605 cm À1 ) 69 than our previous calculation. 39 However, part of the improvement might originate also from the slightly different basis set. On average, the equilibrium distance was reduced by the core polarization potential, although some minor deviations occurred, especially for the quartet states.
In the MCSCF and MRCI calculation the same active space was applied, but it was necessary to adapt it to the different basis sets and effective core potentials. Details on the size and definition of the active space for the various diatomics can be found in the ESI. † Note that the lowest S + state in the quartet multiplicity is an electronically excited state accompanied by several excited states of the doublet manifold. Therefore, several excited states were calculated in both spin configurations to obtain a meaningful description of this state. In a combined MCSCF calculation 16 to 32 states of doublet multiplicity and 3 or 8 states of quartet multiplicity were optimized. The number of states was kept the same in the MRCI calculation for the quartet multiplicity, but the number of doublet states was reduced to 12-17 states. With this setup for the state-averaged calculations we obtained smooth potential energy curves up to an internuclear separation of 10 Å. At this distance, the deviation for the ground state from the asymptotic value is only 10 cm À1 for light atoms and about 25 cm À1 for heavy atoms (ESI †).
Results

Overview
The properties of 16 AK-AKE molecules have been calculated by MCSCF + MRCI and the values for the ground state are listed in Table 2 . Results for the lowest S + state in the quartet multiplicity are given in Table 3 . Besides the ab initio calculations performed in this work, several other theoretical predictions as well as three experimental studies are listed in Table 2 . Overall agreement between the various studies is good except for significant differences in dissociation energies. LiCa, the best studied 69 Two older experimental results 93, 94 are also listed in Table 2 . A recent experiment of our group 40 yielded a vibrational constant (o e ) of (42 AE 5) cm À1 for RbSr, which is in good agreement with the theoretical results in Table 2 . The calculated PEDMs are all positive and differ on average by 0.16 D (13%) from previous computations, with the largest difference observed for the PEDM of KCa in ref. 45 . Note that the PEDM values listed in Table 2 were evaluated for the respective equilibrium distance. When zero-point motion is considered, the PEDM is on average reduced by 0.03 D for the doublet states and by 0.06 D for the quartet states (details are provided in the ESI †). The difference to other equilibrium distances is on average 0.05 Å (1%) with the largest deviations occurring for RbSr and RbCa when compared to ref. 45 . This deviation in the latter cases also explains the slight difference in the PEDM as the listed values are taken at the equilibrium separation. A small disagreement can also be found between the parallel polarizabilities (along the internuclear axis) listed in Table 2 . Note that only the polarizabilities (a J ) at the equilibrium distances along the internuclear axis are given here. A more detailed treatment of polarizabilities and their experimental significance is provided in ref. 45 for AK-AKE molecules or in ref. 44 for AK-AK molecules.
A similar compilation of data for the lowest 4 S + state is given in Table 3 , although fewer theoretical and experimental values are available. ¶ In general, the equilibrium radius is larger and the potential depth and vibrational constant are smaller than corresponding quantities for the ground state. For the polarizability no clear trend can be observed.
Trends for AK-AKE molecules
A diatomic molecule formed by a single alkali atom and a single alkaline earth atom comprises three valence electrons. If excitations of core electrons and ionizations are neglected, these three electrons can only form a doublet or a quartet state. The AK atom, providing one unpaired electron, is always in a doublet state in the asymptotic limit of separated atoms. In contrast, the AKE atom can be either in a singlet or in a triplet state. A doublet state of the molecule is therefore either realized by the combination of a singlet AKE atom with the doublet AK atom, or by the combination of a triplet AKE atom with an anti-aligned electron from the AK atom. Quartet multiplicity can only arise if a triplet state of the AKE atom is combined with an aligned electron on the AK atom. The ground state of the molecule must be a doublet state, since the lowest state of the AKE atom is of singlet character. Only an excited triplet state of the AKE can result in a quartet state. For the AKE atoms considered in this study (Be-Sr), this is a 3 P state with excitation energies between 22 000 cm À1 and 14 500 cm À1 . For Ba and Ra the lowest excitation has 3 D character. The lowest excitation of the AK atom is a 2 P state with energies ranging from 12 500 cm À1 to 17 000 cm À1 . The energy difference between the lowest excitation of the AKE ( 3 P) and the AK atom ( 2 P) is plotted in graphics (a) of Fig. 2 . Note that there are a Polarizabilities along the internuclear axis for the diatomic molecules. Fig. 2 Differences between AK and AKE atoms for two atomic properties are shown in the figure, in the upper plot energy differences of the first P-excitations 92 and in the lower plot the differences in the electronegativities according to Pauling's scale. 96 ¶ Note that this is not the lowest state in the quartet multiplicity. The 1 4 P state has the same asymptote but is more strongly bound than the 1 4 S + state. negative values for combinations of light alkali atoms and heavy alkaline earth atoms. Rather than the 3 D-excitations, which are the lowest ones, the 3 P-excitations were used in Fig. 2 for Ba and Ra. In plot (b) of Fig. 2 the difference in electronegativities (ENs) is shown with a behavior similar to the differences in excitation energies. A positive value of the electronegativity difference indicates that the electron density is pulled towards the AKE atom. Only combinations of light AK atoms with heavy AKE atoms have negative differences. Within our test set only LiSr has a negative EN difference. The difference in excitation energy or electronegativities characterizes the direction and magnitude of the pull at the electron density. Additionally, the polarizability is important as it measures the flexibility of the electron density.
The atomic values for the polarizability range from 37 to 248 a.u. for AKE atoms and from 164 to 313 a.u. for AK atoms, 95 with an increasing value for heavier atoms. The change in the orbital of the AK atom can be expected to be larger than the change for the AKE atom if atoms of similar mass are combined. Such a behavior was observed and is discussed in Section 3.3. Fig. 3 shows the PEDMs (a) and dissociation energies (b) for the ground state of the 16 AK-AKE molecules within our test set. The smallest PEDM was obtained for LiSr, but unlike the difference in ENs, it still is positive. The largest EN difference for the calculated molecules is found for the RbBe molecule, but LiBe shows the largest dipole moment. The increase by going from light to heavy AK atoms and AKE atoms as seen in the difference of ENs in plot (b) of Fig. 2 is not seen for the PEDMs. For KMg and RbMg small PEDMs are observable in Fig. 3 . The small PEDMs for Mg containing molecules are probably related to the significantly smaller electronegativity difference for Mg than for Be, although they have similar differences in excitation energies (Fig. 2) . Also, the potential depths are different. In plot (b) of Fig. 3 the potential depths are shown and the values for molecules containing Mg are noticeably smaller than for the other AKE atoms, with no other trend being obvious for AKE atoms. However, there is a trend for AK atoms. The potential depth decreases seemingly exponentially in going from light to heavy AK atoms. The largest potential depth was determined for LiCa (2613 cm À1 ), the smallest one for RbMg (744 cm À1 ). In contrast to the PEDM and the equilibrium radii, the core polarization potential changes the potential depth in both directions. In cases where the AK atom is significantly lighter than the AKE atom the potential depth is reduced. However, if the AKE atom is lighter, the potential depth is increased. The equilibrium radii increase with inclusion of core polarization potentials. This effect is larger for heavier AK atoms, but shows no recognizable dependence on the AKE atom (ESI †).
In contrast to the strictly positive PEDM for the doublet ground states the PEDMs for the lowest S + state in the quartet manifold are negative, as can be seen in Fig. 4 . The PEDMs for the quartet states show a correlation with the difference in ENs (b) in Fig. 2 . The most negative PEDM is found for the only molecule with a negative EN difference (LiSr), while small PEDMs are obtained for strongly positive EN differences. Small PEDMs of the 4 S + state are observable in plot (a) in Fig. 4 for Na containing diatomic molecules including NaBe with the smallest value. This seems to be related to the first excitation energy of Na, which is the largest of all AK atoms. The large excitation energy leads to the small -and for some combinations with Na even negative -differences in the excitation energy, Fig. 3 The permanent electric dipole moment (a) and the potential depth (b) for several AK-AKE molecules in their ground state ( 2 S + ) are shown. Fig. 4 The upper plot shows the PEDMs for several AK-AKE molecules in the lowest 4 S + state. Note that the axis is reversed so that the highest bar corresponds to the most negative value. The graphics below shows the corresponding dissociation energy for a direct comparison.
as can be seen in graphics (a) of Fig. 2 . The potential depth turns out to be a reliable descriptor for the magnitude of the PEDM, as is evident by comparing plot (a) and (b) of Fig. 4 , but is less useful for the estimation of PEDMs in the doublet manifold. For the 4 S + state the dissociation energy and the PEDM have a correlation coefficient of R = À0.97.
The equilibrium internuclear distances of the lowest S + states in the two multiplicities are given in the Tables 2 and 3. The r e values for the doublet state are all below 4.57 Å, those for the quartet states lie above this value. The equilibrium distances can be compared to the tabulated covalent 97 and van der Waals 98 radii (ESI †). The internuclear distances for the ground state minimum lie in between the covalent and van der Waals values. On average, they are off by 0.4 Å from the covalent radii and by 1.4 Å from the van der Waals radii. Them being closer to the covalent radii indicates a covalent or ionic bond in the lowest state of the doublet manifold. The lowest 4 S + states have equilibrium internuclear separations that are on average 0.5 Å larger than predicted by the tabulated van der Waals values, which indicates a weak bond.
The fraction of ionic character 48 can be estimated by dividing the determined dipole moment by the dipole moment obtained by shifting one electron by the equilibrium distance:
For the ground state, this fraction lies below 21%, except for molecules containing Be, where the values are always above 21%. As is obvious from the method of calculation, this quantity is correlated with the determined dipole moment and should be interpreted with caution. For the quartet states, particularly high values are observed for Li containing molecules. With finite field calculations, which we performed in order to determine the dipole moment, we could also determine the polarizabilities of the molecules along the internuclear axis. Graphics (a) of Fig. 5 shows the polarizabilities for the ground state, which increase with atomic mass. These values are about 3.7 (with an variation from 3.4 to 4.0) times larger than the mean of the polarizability of the atoms involved. The polarizabilities for the quartet states show stronger variations (from 1.8 to 7.7 of the mean of the atomic pol.) than for the doublet states, as can be seen in graphics (b) of Fig. 5 . Furthermore, there is a pronounced increase of polarizability for heavy AKE atoms, but no clear trend for the AK atoms. This dependence is probably related to the lowering of the first excitation energy when going from light to heavy AKE atoms. An increased mixing of the s-orbital of the AK atom and the p-orbital of the AKE atom facilitates a change in the electron density distribution.
Qualitative picture
Typical potential energy curves and PEDM curves for the lowest S + states in the two multiplicities are shown in Fig. 6 . The lowest 2 S + is strongly bound with a positive PEDM. The PEDM approaches zero for large internuclear distances as expected for neutral molecules. In contrast, the lowest 4 S + state is weakly bound with a negative PEDM. In general, the maximum ( 2 S + ) or minimum ( 4 S + ) of the PEDM curve is found for internuclear distances smaller than the equilibrium distance. The results displayed in Fig. 6 refer to LiBe, but the same behavior was previously observed for LiCa, 39 RbCa, 42 and RbSr. 43 In the current study, all 16 AK-AKE molecules confirm this trend. However, this behavior is not very pronounced for LiSr, and a different sign of the dipole moment can be expected in the ground state if Ba or Ra atoms are combined with Li. In fact, this has been observed by Gou et al. 64 Our findings are summarized in Fig. 7 . The ground state, displayed in graphics (a), shows a smaller bond distance. The dipole moment is positive, the vector of the dipole moment points from the AKE atom (++) to the AK atom (+). This is the result of the center of charge of the electrons being closer to the AKE atom than the center of positive charge. The quartet state has a larger bond distance and a negative dipole moment. The center of electron charge is now closer to the AK atom than the center of positive charge. We explain this behavior by the orbital occupation indicated on the right side of Fig. 7 . In the ground state (a) the 1st orbital, mainly an s-orbital around the AKE atom,8 is doubly occupied. The 2nd orbital, mainly a mixture of s-orbitals from the AK atom and p-orbitals from the AKE atom, is singly occupied. Because the AKE orbital mixes into it, it is not centered at the AK atom. Therefore, the center of negative charge is closer to the AKE atom, and a positive PEDM is obtained in our coordinate system. This agrees with the situation indicated by the atomic polarizabilities. In general, the AK atoms have larger polarizabilities than AKE atoms. In the ground state, the highest occupied AK orbital should deform more easily and mix with AKE orbitals. The situation is different for the lowest S + state in the quartet multiplicity (b) in Fig. 7 .
Since all spins need to be aligned, the Pauli principle does not allow for a double occupation of the 1st orbital. Therefore, one electron is transferred from this orbital into the 3rd orbital, which is a mixture of s-orbitals from the AK atom and p-orbitals from the AKE atom. For this reason, it has a probability density close to the AK atom, which changes the direction of the PEDM compared to the ground state. The 3rd orbital also mixes s-and p-orbital contributions in a similar way as the 2nd orbital does. However, unlike the 2nd orbital, it has an additional node between the atoms, not only at the center of the AKE core.8 It corresponds, at least approximately, to the antibonding counterpart of the 2nd orbital, which explains the small dissociation energy of the lowest 4 S + state.
Dipole moment predictions
In this section we attempt to describe and predict the behavior of the dipole moment in the ground state due to its experimental importance for several applications mentioned in the introduction. The PEDMs of the lowest S + state of the quartet multiplicity are well correlated with the dissociation energy, which is not the case for the ground state. However, we find the following empirical equation to reproduce the dipole moments surprisingly well for all species under investigation:
This model requires the difference of electronegativities DEN, the mean of the atomic polarizabilities % P at , and the dissociation energy D e as input for the evaluation of the dipole moment. We note that it does not have yet a clear theoretical justification, as it was derived from an analysis of correlations between the dipole moment and atomic properties by a simple trial and error approach. However, it agrees very well with the available ab initio data, as can be seen from Fig. 8 , although it only requires three fitting parameters a 1 , a 2 and a 3 . At least the occurrence of the atomic descriptors in the formula can be readily justified. The difference in ENs accounts for the pull on the electron density, and the corresponding contribution to the dipole moment must therefore be related to a charge transfer. We do not have an explanation for the square root dependence, which made it necessary to also introduce the sign function in order to have the sign of the EN difference correlate with the direction of dipole moment. Because the value of the EN difference covers only a region from À0.1 to 0.9 other functions might also be suitable to capture the behavior. Slightly worse results are obtained for functions like a 3 Á DEN À DEN 2 2 or the bounded a 3 Átanh(DEN). The increase of the PEDM with increasing mean polarizability is easily understood by the greater spatial flexibility of the electron distribution. However, an explanation for the third term in eqn (1) is less straightforward. The corresponding fitting parameter a 3 takes a negative value in the model, therefore reducing the dipole moment proportional to the inverse of the corresponding dissociation energy. In other words, the weaker the bond, the more effectively this term reduces the dipole moment. This last contribution is not fully understood, but both properties are related to the spatial distribution of the orbitals. This empirical model allows us to predict the dipole moments for other AK-AKE molecules. However, while the required ENs and the atomic polarizabilities can be found in ref. 95 and 96, the dissociation energies need to be estimated. For Ba, the values from ref. 64 have been used. The potential depth of molecules including Cs or Fr were extrapolated with an exponential function from values for smaller AK atoms, since an exponential dependence was observed for the dissociation energy in Fig. 3 . These results, together with previous theoretical results for AK-AKE molecules beyond our test set, 61, 63, 64 are shown in Fig. 8 . We note that Gou et al. 64 neglected the polarization of the cores, which might explain their larger amplitudes, Fig. 7 A visualization of the charge distribution in our set of 16 AK-AKE molecules (no absolute scale). The AK (+) atom is shown in red, the AKE (++) atom in blue. Center of mass, positive and negative charge are indicated by arrows. On the right side the orbital occupation discussed in the text is depicted. Calculated isosurfaces of the corresponding orbitals can be found in the ESI. † similar to what we observed without core polarization potentials ( Fig. 1) . A detailed comparison between predicted and previous values is given in the ESI. †
Conclusion
The lowest S + states in the doublet and quartet manifold for a selection of 16 AK-AKE molecules were analyzed at the MCSCF + MRCI level of theory. Trends for the PEDMs, equilibrium internuclear separations, dissociation energies, and polarizabilities along the internuclear axis were discussed. We find that the PEDMs of the lowest S + state in the doublet and quartet multiplicity are pointing in opposite directions for all molecules under investigation, which is in line with previous calculations. This behavior was explained in a molecular orbital picture. We further presented an empirical formula which describes the PEDM in the 2 S + state as a function of two atomic descriptors (electronegativity, polarizability) and the dissociation energy. After fitting three parameters of the formula to our test set, we used this model to successfully predict the PEDM of several AK-AKE molecules beyond our initial test set.
The PEDM is important for applications of ultracold molecules, since it is the essential parameter for the interaction with microwaves, and, in combination with the polarizability, for the alignment in electric fields and optical lattices. A high PEDM is favorable because lower intensities and field strengths are sufficient to manipulate the molecules. In our study we find the highest PEDM for combinations with Be. However, handling these molecules might be a problem in the experiment due to the toxicity of beryllium. Good alternatives with high PEDM are RbCa, KCa, and RbSr, with the latter being the most promising candidate at present. 74 Our extrapolation formula indicates that CsCa might also be a promising choice. 
